Also, significant differences between the obtained AC-losses and those predicted by regular approximation formulas are reported. Finally, an outstanding low pass filtering effect intrinsic to the magnetic response of the system is described.
currents are induced at the periphery of the superconductor when external flux variations occur. Such currents distribute across the section of the sample with a density equal to so-called critical value at a given temperature and field, J c . Although simple in idealized configurations, the Maxwell equation problem arising from the CSM statement becomes awkward when realistic systems are considered.
In this letter, we consider the coupling between simultaneous oscillating sources acting on a superconducting wire. In particular, the simultaneous action of an AC transport current and a transverse magnetic field will be studied. Notice that such a configuration is a basic model for coil systems in which each wire is under the action of its neighbors. Apparently, the problem is 2D in nature and the main complication is as follows. When the external sources change in time, a sort of free-boundary problem has to be solved. Thus, the magnetic flux density variations penetrate from the sample's surface and an evolutionary flux-front profile is defined. Determining such front (or the core within) is a main mathematical challenge, and has been tackled by several methods. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] As an important handicap, in many cases as the one studied here, the core does not remain static along the electromagnetic time-varying process, even for the case of a fully penetrated sample. It is apparent that the widely used concept of an effective radius description for the free-boundary can fail markedly if the core shifts within the sample (as may be observed in Fig.1 ) and a center of mass is not well defined. As a consequence the so-called front tracking methods cannot easily guarantee a unique physical solution for the problem.
Here, we adopt the most popular trend in the analysis of electromagnetic applications,
i.e.: numerical simulations implementing finite-element methods. As an advantage, such techniques work without explicit inclusion of the free boundary. The whole superconducting region is involved in the calculation and the boundary is obtained as a part of the solution.
Taking advantage of this methodology, we have performed a systematic investigation of the electromagnetic response of the superconducting wire. Some outstanding predictions have been obtained and are reported here. In particular, (i) we feature the relevance of localized power dissipation within the sample, (ii) as regards the averaged physical quantities, we will show that some standard approximations for the power dissipation per cycle have to be revised, and finally (iii) an intriguing low pass filtering effect is announced.
Going into detail about our calculations, we use a discrete formulation that solves Faraday's law iteratively in a mesh of circuits that carry the macroscopic electric current. Under the assumption of translational symmetry, the finite-element implementation noticeably simplifies. Explicitly, we discretize the sample's cross-section by a collection of straight infinite elementary wires, each of them carrying a current I i = J i S i with J i the current density and S i the cross sectional area of the element. As it has been shown in previous work, 2 a variational formulation that suits the discrete modeling is possible for our electro-magnetic problem. Thus, one can show that in quasi-steady regime (excellent approximation for the large scale application frequencies) the discrete form of Faraday's law is obtained by
pling successive time layers and under prescribed sources and material law. In our case, and by using standard electromagnetic manipulations, the quantity to be minimized becomes
with I i the set of unknown currents for the collection of elements, M ij the mutual inductance matrix between such elements i and j,Ǐ i the solution at the previous time layer, and A e the vector potential related to external sources (applied transverse field). Optimization has to be performed under the restriction of applied transport current in the cross section Ω, i∈Ω I i = I tr , and for the critical state law I i ≤ I c . This has been done by using specialized large scale constrained minimization algorithms as discussed before. However, for problems with transport, unless one cares about such terms, some calculations, as the value of E may be tampered. In order to show how this arises, we recall that, generally speaking, physically acceptable electric fields have to be expressed in the form E = −∂ t A − ∇φ, including an electrostatic like term.
For long wires, it can be argued that ∇φ has to be constant in space, and thus one has
′ ]k where A ′ works as a calibrated potential. 14 Taking advantage of the fact that arbitrariness is only up to a constant, the situation may be tackled by progressively determining C(t) according to the physical condition E = 0 at those points where the magnetic flux does not vary.
Simulations have been performed for the triangular oscillating process displayed in Fig. 1 .
The following quantities have been focused: (i) magnetic field lines derived from B = ∇×A,
(ii) the sample's magnetic moment (per unit length) M = (1/2l) Ω r × J, (iii) the local density of power dissipation (E · J), and the hysteretic AC losses per unit time and volume for cyclic excitations of frequency ω calculated as
denotes a full cycle of the time-varying electromagnetic sources. Our results, and conclusions are developed along the following paragraphs.
a. Flux penetration profiles. Fig. 1 shows some of the results obtained for one of the experimental processes considered along this work. The dynamics of the electromagnetic quantities can be followed in detail by means of the attached video. Several aspects to be noticed are: (i) the position of the flux free region (core) and the current density profiles are not axially symmetric by consumption of the magnetization currents. Related to this, (ii) strong distortions of the magnetic flux lines appear around the superconducting cable. This is especially notorious when the value of the applied field and the transport current approach zero. (iii) Outstandingly, the local density of power dissipated along the process also displays a strong localization. In fact, a higher heat production (and transfer for constant T ) is always predicted for half cross-section of the superconducting wire. We argue that this phenomenon could increase the quench probability. Furthermore, the proper determination of the active area depends on the history of the first branch of the experimental process, e.g. in Fig. 1 a positive slope in both B y (t) and I tr (t) determines maximal power dissipation towards the positive x-axis.
b. Analysis of AC losses. currents. This complements previous work on the rectangular geometry 15 and adds new perspectives on the validity of approximation formulas. We emphasize the failure of assuming simple linear superposition of the classical formulas. 6 In fact, linear approximations as On average for the extensive set of experiments analyzed, the highest differences (∼ 100%) are observed around the condition (B p /2, I c /2). Specially at low values of B, the differences between analytical approaches and our numerical calculation can overcome 100%.
In conclusion, for a proper determination of the hysteretic AC losses in systems with coupled electromagnetic sources (B, I {ac} tr ) somehow sophisticated analysis resources are needed, even for relatively simple configurations as the one studied here.
c. Magnetic moment cycles (low pass filtering) Fig. 3 shows the dynamics of the magnetic moment component along the external field M y in terms of the evolution of the magnetic sources B y (t), I tr (t). Notice that, only for small values of the applied transport current, 
